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ABSTRACT 


Individual  wave  groups  Mara  idantltlad  by  an  analysis  of 
digitlzad  aava  racords.  Tha  analysis  tachniqua  is  basad  on 
a  comparison  batwaan  short-tarm  varlanca  and  wava  racord 
varlanca.  Onca  wava  groups  wars  Identified,  wava  paramatars 
of  In+arast  wore  than  derived.  Analysis  was  performed  on  338 
wave  racords  obtained  from  a  Waverlder  buoy  covering  a  wide 
range  of  height,  period,  and  steepness.  Statistical  relation¬ 
ships  batwaan  tha  parameters  obtained  were  determined  for  all 
wave  groups,  and  for  selected  extreme  wave  groups.  It  was 
found  that  as  the  relative  energy  of  the  group  increases  the 
number  of  waves  per  group  increases,  and  the  average  group 
period  approaches  the  spectral  peak  period.  Wave  steepness 
was  shown,  however,  not  to  depend  upon  the  group  energy. 

Groups  from  low  steepness  wave  records  tend  to  contain  larger 
numbers  of  waves.  It  was  also  shown  that  the  height  of  the 
single  highest  wave  in  a  group  tends  to  jpproximate  the 
significant  height  of  the  wave  record. 
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I .  INTRODUCTION 


A  visual  observation  of  ths  set  surface  reveals  that  It 
Is  c  highly  complex  and  Irregular  surface.  The  tact  that 
most  aavas  have  no  apparent  relation  to  or  dependence  on 
each  other  has  prompted  most  studies  or  analyses  of  the  see 
surface  to  be  statistical  In  nature.  This  type  of  approach 
has  been  necessary  for  lack  of  a  batter  one,  but  It  has  also 
been  highly  successful  In  enabling  the  mechanisms  of  ocecn 
naves  to  be  understood. 

Visual  observation  also  shoes,  however,  that  ocean  waves 
commonly  appear  In  packets  or  groups.  These  waves  arc 
quas I -per  I od  1  c  and  although  the  wave  heights  are  not  equal 
they  have  been  shown  to  be  dependent  on  each  other  (Rye, 
1974).  The  exi stance  of  wave  groups  has  been  known  to  sea¬ 
faring  man  for  many  years.  Out  of  their  experiences  have 
come  folk  lore  Including  the  saying  that  "every  seventh  wave 
Is  the  largest,"  and  an  old  Icelandic  saying  that  "large 
waves  rarely  come  alone."  The  fact  th* t  the  phenomenon  of 
wave  grouping  has  been  known  and  respectid  by  sailors  for 
agas  makas  It  ali  tha  mora  surprising  that  it  is  only  In 
recant  years  that  wave  groups  have  been  systematically 
stud  I  ad . 

The  economic  Impact  of  wavs  groups  Is  only  now  being 
realized.  It  is  recognized  that  groups  of  waves,  not 


necessari ly  large,  may  ba  damaging.  Soma  of  tha  anglnaar- 
ing  problems  that  hav  haan  found  +o  ba  ralatad  to  wave 
groups  are  tha  stability  of  rubb I e-mound  breakwaters,  tha 
slow  drift  osctllations  of  moored  floating  platforms,  tha 
stability  of  ships  underway,  and  Induced  selching  In  harbors 
or  bays  that  may  cause  damage  to  moored  craft  and  In  extreme 
conditions  may  be  responsible  for  local  flooding.  Design 
approaches  today  do  not  generally  take  wave  group  charac¬ 
teristics  into  account. 

Two  approaches  have  been  conventionally  employed  in  the 
analysis  of  wave  groups.  The  first  involves  using  a 
statistical  theory  of  runs  while  the  second  consists  of 
examining  the  statistics  of  wave  envelopes  In  relation  to 
power  spectra  (Goda,  I  9  7  o  > .  Among  those  working  on  the 
distribution  of  the  lengths  of  runs  with  simulated  or  actual 
wave  data  have  been  Goda  (1970),  Wilson  and  Baird  (1972), 

Rye  (1974),  and  Siefert  (1976).  Ewing  (1973)  and  Chou  (1978) 
have  worked  with  the  application  of  wave  envelope  statistics 
to  wave  groups.  Mo  I  I o-Ch r i s tensen  and  Ramamonj i ar i soa  (1978) 
recently  proposed  a  non-i inear  model  for  wind  waves  In 
which  "envelope  solitons"  or  groups  of  Stokes  waves  propagate 
at  the  same  speed  for  all  frequencies  rather  than  obeying 
a  linear  frequency  dispersion  relation. 

A  comron  thread  running  through  all  of  these  studies 
is  that  ihey  employ  power  spectra  generated  by  Fourier 
transform  techniques.  Non-spectral  analyses  have  been 


relatively  few  In  number  probably  owing  to  the  success  that 
spectral  techniques  and  methods  have  enjoyed.  Hamilton, 

Hu  I ,  and  Donelan  (1979)  have  recently  proposed  a  simple 
non-spectral  statistical  model  with  decoupled  wave  groups 
that  Improves  spectral  estimates  of  real  or  laboratory  wind 
waves.  Thompson  (1972),  Smith  (1974),  and  more  recently 
Sedlvy  (1978)  have  devised  a  non-spectral  technique  for 
identifying  wave  groups  and  then  generating  wave  group 
statistics  of  interest. 

This  study  utilizes  the  method  used  by  Sedlvy  (1978) 
whereby  a  computer  program  analyzes  digitized  wave  records 
by  means  of  an  rms  smoothing  filter.  This  filter  employs 
a  running  short-term  variance  computation.  The  resulting 
smoothed  record  Is  then  the  basis  for  Identifying  indi¬ 
vidual  wave  groups  from  which  various  wave-group  parameters 
of  interest  are  obtained.  Relationships  are  examined 
between  wave-group  parameters,  and  between  wave  group  and 
wave  record  parameters.  Possible  relationships  between 
power  spectra  and  wave-group  and  wave-record  parameters 
are  examined.  The  relation  between  individual  waves  and 
the  power  spectrum  is  also  examined. 

It  Is  hoped  that  the  statistics  generated  In  this  study 
will  be  of  use  to  the  engineer,  and  when  looked  at  In 
conjunction  with  the  results  of  others  will  help  provide 
the  basis  for  theories  on  ocean  wave  groups. 
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I  r .  WAVE  GROUP  DETERMINATION 


A,  WAVE  GROUP  CONSIDERATIONS 

As  mentioned,  the  most  popular  approach  at  present  tor 
waveform  or  wave  group  analysis  Is  to  work  In  'the  frequency 
domain,  or  in  other  words,  with  power  spectre.  The  bests  of 
this  type  of  analysis  has  Its  roots  In  the  assumption  that 
ocean  waves  are  composed  of  a  linear  summation  of  an 
Infinite  number  of  simple  sinusoidal  waves  of  Infinitesimal 
amplitudes  and  random  phases.  Ocean  waves  can  then  be 
treated  as  a  normal  or  Gaussian  process.  Longuet-H l gg  Ins 
(1952)  showed  that  ocean  waves  of  narrow-banded  spectra 
have  a  distribution  of  wave  heights  that  are  approximated 
by  a  Rayleigh  distribution.  Goda  (1974),  and  Chakrabartl 
and  Cooley  (1977)  have  shown  that  the  Rayleigh  distribution 
holds  or  at  least  is  a  good  approximation  even  if  the 
process  is  not  narrow  banded.  Other  investigators, 
Forristall  (1978),  disagree  and  have  put  forward  evidence 
to  show  that  the  Rayleigh  distribution  is  not  a  good 
approximation  for  wide  banded  processes.  They  have  not, 
however,  suggested  or  theorized  a  better  approximation  or 
distribution. 

The  non-spectral  approach  operates  in  the  time  domain 
and  generally  proceeds  on  a  wave-by-wave  basis.  The 
advantage  of  this  method  is  that  It  Includes  non-linear 


effects  not  accounted  for  by  spectral  analysts.  It  does, 
however,  have  the  disadvantage  of  using  more  computer  time. 
The  time  series  analysis,  as  will  be  shown,  has  difficulty 
dealing  with  the  Irregularity  In  height  and  period  of  ocean 
waves,  while  spectral  methods  handle  this  problem  quite 
well. 

Although  this  study  uses  basically  a  non-spectral 
method  of  analysis  to  determine  wave  group  boundaries,  a 
spectral  analysis  was  performed  to  obtain  certain  wave 
record  parameters  to  assist  in  the  time  series  analysis. 
Thus,  the  Irregularity  and  the  non-linear  character  of 
waves  should  both  be  taken  into  account  by  thts  combination 
of  the  two  methods.  The  spectral  analyses  also  enabled 
wave  group  parameters  and  individual  wave  parameters  to 
be  related  back  to  the  spectral  analyses  themselves. 

Time  series  analysis  can  be  performed  with  either  an 
analog  wave  record,  which  shows  all  Instantaneous  sea 
surface  elevations,  or  with  a  digitized  wave  record  which 
shows  sea  surface  elevations  at  time  intervals  equal  to  a 
fixed  sampling  rate.  Analog  wave  records  must  be  analyzed 
by  hand,  unless  they  are  digitized  after  the  fact,  whMe 
digitized  wave  records  lend  themselves  easily  to  computer 
ana  lysis. 

This  study  utilized  wave  records  that  were  digitized 
and  were  computer  analyzed  using  the  standard  zero-upeross 
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technique.  Here,  a  wave  is  defined  between  two  succaaaiva 
upcrosslngs  of  tha  wava  raccrd  with  respect  to  aoma 
rafaranca  laval.  Tha  rafaranca  laval  la  taken  to  ba  tha 
mean  watar  laval  of  tha  record.  As  shown  In  Figure  I,  tha 
wava  pariod  la  daflnad  aa  tha  tima  Intarval  batwaan 
succaaaiva  upcrosslngs  whila  tha  wava  haight  la  daflnad 
as  tha  vartlcal  aaparatton  batwaan  tha  hlghast  and  tha 
lowast  point  of  tha  wava  racord  batwaan  succossiva  up- 
cross  I  ngs . 
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B.  WAVE  GROUP  DEFINITIONS 
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As  mentioned  previously  wava  groups  ara  an  ocaan  surface 
phenomenon  that  Is  readily  apparent  to  even  the  most  casual 
observer  simply  because  they  represent  an  orderly  succes¬ 
sion  of  wave  heights  and/or  periods  against  a  random  back¬ 
ground.  Even  with  this  being  the  case,  however,  there  Is 
as  yet  no  common  agreement  on  how  wave  groups  should  be 
def i ned . 

Many  definitions  of  wave  groups  are  In  the  literature. 
Most  employ  readily  Identifiable  wave  paremeters  to  define 
wave-group  boundaries.  Among  the  many  definitions  In  use 
are  the  largest  height  of  a  wave  in  a  group,  the  height 
which  a  sequence  of  waves  exceed,  the  number  of  successive 
waves,  the  periods  of  successive  waves,  and  the  time  that 
the  envelope  of  a  wave  record  (with  the  envelope  having 
various  definitions)  exceeds  a  certain  level.  The  method 
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of  d«flnitton  used  by  Sedlvy  (1978)  used  a  now  approach 
wharaln  tha  anargy  contant  of  tha  wave  groups  was  the 
daclslva  paramatar. 

Tha  basic  pramlsa  used  by  Sadlvy  (1978)  and  In  this 
study  Is  that  tha  anargy  in  a  wava  racord  is  proportional 
to  tha  varlanca  of  tha  wava  racord.  Tha  racord  vartanca 
can  ba  calculatad  from  a  time-domain  analysis  or  from  a 
f  raquaricy-doma  I  n  analysis.  Tha  anargy  of  a  simple 
sinusoidal  wava  can  be  shown  to  be  proportional  to  the 
square  of  tha  haight  of  tha  wave.  Moreover,  Michel  (1968) 
states  that  If  the  wave  field  is  thought  of  as  the  sum  of 
an  inftnita  number  of  component  waves  of  small  amplitude 
then  the  energy  of  the  wave  field  may  be  considered  to  be 
proportional  to  the  sums  of  the  squares  of  the  heights 
of  those  component  waves.  Thus  energy,  variance,  and  wave 
height  are  related,  and  if  one  can  evaluate  one  of  these 
quantities  then  the  other  two  are  obtainable  by  a  pro¬ 
portionality  factor. 

If  the  concept  is  kept  in  miitd  that  a  wave  group  is 
essentially  a  succession  of  waves  which  are  not  random  and 
in  general  whose  heights  are  larger  than  the  surrounding 
waves,  then  wave  groups  may  be  thought  of  as  packets  whose 
energy  content  is  greater  than  that  of  the  surrounding 
wave  field.  Over  a  short  period  of  time,  then,  the  variance 
of  the  wave  groups  will  also  be  larger  than  the  variance 
of  the  wave  record  as  a  whole. 
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The  wav*  racord  Is  than  analyzad  by  using  a  window  of 


short  duration  to  look  at  portions  of  tha  wava  racord. 

Tha  window  si  Idas  along  tha  wava  racord  at  a  rata  equal  to 
th*  digitizing  rata,  and  at  aach  stop  tha  short-tarm 
vartanca  Is  calculatad  and  plotted  at  tha  midpoint  of  tha 
window.  Tha  rasu I t  of  this  procass  Is  Illustrated  in 
Figures  2  and  3,  where  tha  wava  racord  is  shown  In  tha 
bottom  of  th*  figures  and  the  corresponding  short-term 
variance  waveform  is  shown  in  tha  top  portion  of  th* 
figures.  Those  araas  under  the  short-term  variance  curve 
that  lie  above  tha  variance  of  the  wave  record  (a  straight 
line)  denote  areas  of  higher  than  wave  racord  energy,  and 
hence  possible  wave  groups. 

It  is  noticeable,  however,  that  those  areas  where  tha 
short-tarm  variance  waveform  crosses  the  record  variance 
do  not  often  correspond  to  zero  uperossings  of  the  wave 
record  Itself.  Realistically  and  statistically  it  does  not 
make  sense  to  think  of  a  wave  group  as  being  anything  else 
than  a  series  of  whole  waves.  Thus,  the  short-term  variance 
waveform  cannot  be  used  by  Itself  to  define  wave  groups. 

The  definition  of  a  wave  group  was  expanded  so  that  when 
the  boundaries  are  set  on  the  wave  record  by  the  vartanca 
waveform  analysis,  they  are  then  moved  away  from  the  center 
of  the  wave  group  to  the  first  zero  uperossing  in  each 
direction.  This  is  shown  graphically  in  Figure  4. 
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Two  additional  restrictions  war*  Impoaad  on  tha  placement 
of  wava  group  boundarlaa.  Tha  first  rastrictlon  is  that  a 
wav*  group  must  hava  at  laast  two  wavas,  sine*  on*  wava  was 
not  consldarad  to  constltuta  a  group  against  a  random  wav* 
f  laid.  Tha  sacond  rastrictlon  Is  that  wava  groups  Idantlftad 
as  abova  must  ba  saparatad  by  at  laast  ona-half  tha  width 
of  tha  window.  Where  this  condition  was  not  mat  by  two  sue- 
cassiva  wava  groups  thay  war*  traatad  as  on*  wava  group. 

This  rastrictlon  was  nwcassary  to  pravant  tha  posstbltty  of 
on*  wav*  being  Included  in  two  separata  wava  groups. 

Thompson  (1972)  and  Smith  (1974)  hava  shown  that  tha 
average  period  of  tha  wavas  In  a  group  closely  approximate 
tha  period  of  maximum  energy  density  In  a  wava  record,  or  In 
other  words  tha  spactra!  peak  pariod.  Sadlvy  (1978)  used 
twice  this  value  for  tha  length  of  tha  short-term  sliding 
window  after  experiments  on  artificially  generated  wave 
records  showed  it  to  be  an  optimum  value.  Experiments  on 
actual  wave  records  for  the  purpose  of  this  study  confirmed 
this  choice  of  length  for  the  sliding  window. 

In  this  study  experiments  ware  conducted  by  varying  the 
window  length  In  fractions  and  multiples  of  the  spectral 
peak  period.  It  was  found  that  large  energy  groups  ware 
Identified  by  all  windows  and  that  the  number  of  waves  In  a 
group  was  seldom  affected  by  window  length.  In  groups  with 
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small  anargy,  howavar,  tha  numbar  of  groups  In  a  racord 
varfad  as  tha  window  langth  was  varlad,  and  tha  numbar  of 
wavas  In  thasa  groups  was  quits  varlabla.  In  ganaral  as 
tha  window  langth  was  tncraasad  tha  numbar  of  wava  groups 
dacraasad.  Tha  window  langths  axparlmantad  with  rangad 
from  ona-half  to  four  tlmas  tha  paak  partod  and  ovar  this 
ranga  tha  numbar  of  wava  groups  dacraasad  by  50$.  This 
was  accompaniad  by  soma  Incraasa  In  tha  numbar  of  wavas 
par  group.  A  window  langth  of  twtca  tha  spactral  paak 
partod  was  tharafora  usad  In  this  study  slnca  tt  tdantlftas 
all  tha  larga  anargy  groups. 


Wav*  racords  analyzed  In  conjunction  with  this  study  war* 
provldad  by  th*  Coastal  Engineering  Data  Network  (CEDN)  which 
Is  sponsorad  Jointly  by  tha  California  Dapartmant  of  Naviga¬ 
tion  and  Ocaan  Development  (CDNOD)  and  tha  U.  S.  Army  Corps 
of  Engineers.  Additional  funding  support  Is  suppltad  by  th* 
Unlvarslty  of  California  Saa  Grant  Program  with  Scrtpps 
Institution  of  Oceanography  providing  ovarall  dlroctlon  for 
th*  actual  data  collaction  program. 

Tha  wava  racords  racalvad  from  CEDN  war*  recorded  from 
a  Oatawall  Wavar'dar  acc* I aromatar-typ*  buoy  anchorad  In 
approxlmataly  30  fathoms  of  watar.  Th*  buoy  was  Installad 
by  th*  U.  S.  Naval  Postgraduat*  School  undar  contract  with 
CCNQD ,  and  Is  locatad,  as  shown  In  Figura  t»f  or.  tha  opan 
contlnantal  shelf  approxlmataly  four  nautical  ml  las  south- 
southwasv  of  th*  Santa  Cruz  Point  light  at  36*53.40'  North 
and  >2.r03.22*  w*st.  Th*  wav*  raccrd  ds+a  war*  racalvad 
from  CEDN  on  magnattc  tap*  digitlzad  ai  a  sampling  rata  of 
one  second,  Tha  wav*  racords  gav*  an  I nstantanaous  soa  laval 
at  one  second  ln+crvals  with  raspact  to  a  maan  watar  laval. 
Tha  maan  wat^r  laval  used  was  tha  avaraga  of  all  saa 
su'fac*  alavatlons  In  tha  wav*  racord  and  was  assumad  not 
to  changa  significantly  ovar  the  duration  of  tha  racord. 

Each  wava  racord  contained  1024  data  points  (approximately 


17-mlnute  duration)  with  a  racord  ganarally  balng  racordad 
synoptical ly  avary  tan  hours.  Tha  wava  racords  usad  In 
this  study  wars  salactad  from  data  racordad  ovar  a  tan  month 
parlod  from  Juna  1978  through  March  1979. 

CEDN  ragularly  publlshas  a  spactral  analysis  of  tha  wava 
racords  obtalnad  aach  month  in  both  a  graphical  and  tabular 
format  as  shown  In  Flgura  6  and  Flgura  7,  raspact I va I y . 

Tha  wava  racords  usad  In  this  study  wars  salactad  from  a 
raviaw  of  tha  publlshad  CEDN  data  on  tha  basts  of  displaying 
ona  main  and  aasily  d I st I ngu I shab I  a  spactral  paak.  Only 
wava  racords  with  unlmodal  spactra  waro  constdarad.  Multi¬ 
modal  spactra  prasant  soma  complications  In  tha  salactlon 
of  a  suitabla  window  length,  and  It  was  consldarad  bast  to 
examine  tha  propartlas  of  wava  groups  In  clearly  unlmodal 
spactra  first.  Thus,  Individual  wava  racords  ware  Initially 
salactad  If  they  displayed  more  than  30 <  of  the  energy  In 
one,  and  only  ona,  of  tha  CEDN  tabular  printout  spectral 
parlod  bands.  This  limit  was  arbitrarily  chosen  to  ensure 
that  only  ona  prominent  energy  peak  occurred  In  tha  spactra, 
but  yet  was  not  so  restrictive  that  only  a  few  wava  records 
would  be  considered  in  the  study. 

CEDN  furnished  695  wave  records  and  they  were  Initially 
searched  for  s I ng I a-paakad  spectra  satisfying  tha  criteria. 
Approximately  half,  or  338  of  the  records,  were  found  to 
possess  the  unlmodal  spectrum  desired.  These  338  selected 
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rocordii ,  the  character  I  tt  I ct  of  which  are  shown  In  Figure  10, 
ware  analyzed  on  an  IBM  360/6?  computer  both  spectrally  and 
non-spectra  I  I y .  Examples  of  the  spectral  analysis  are 
shown  In  Figures  8  and  9.  This  type  of  analysis  was  per¬ 
formed  In  part  to  obtain  better  resolution  of  the  spectral 
peak  period  than  Is  possible  from  the  two-second  period 
bands  provided  In  the  CEON  analysis. 

The  non-spectral  analysis  of  the  wave  records  utilized 
the  definition  of  a  wave  group,  as  previously  defined,  to 
Identify  wave  groups  in  the  wave  records  and  to  then  compute 
the  various  wave  record  and  wave  group  parameters  desired 
for  the  statistical  portion  of  the  study.  Out  of  338  wave 
records  3598  wave  groups  were  so  Identified  and  the 
pertinent  statistical  parameters  generated. 

The  wave  data  analyzed  in  this  study  may  be  classified 
In  terms  of  relative  depth  as  deep  water  waves  or  Interme¬ 
diate  water  waves  for  the  wave  record  spectral  peak 
periods  of  Interest  (four  to  18  seconds).  Although  waves 
with  periods  greater  than  nine  seconds  have  begun  to  shoal 
at  the  location  of  the  wave  recorder  (30  fathoms),  the 
shoaling  coefficient  varies  only  between  0.91  and  1.00, 
Accordingly  all  wave  records  effectively  contain  deep  water 
waves,  and  the  statistics  generated  from  these  records  are 
presumably  applicable  to  the  open  ocean. 


r V .  HAVE  RECORD  AND  WAVE  GROUP  PARAMETERS 


The  wav*  racord  and  wav#  group  parameters  that  were 
either  utilized  or  examined  In  this  study  ara  daftnad  below. 
Definitions  praviously  usad  by  otbar  authors  or  definitions 
that  ara  In  common  ufaga  ara  usad  whenever  possible. 

A.  WAVE  RECORD  PARAMETERS 

1 .  Spactrel  Paak  Parlod; 

Tha  spactral  paak  parlod  of  a  wave  racord,  as  pre¬ 
viously  mentioned,  Is  that  parlod  In  tha  wava  racord  that 
raprasants  tha  maximum  anargy  concantrat I  on .  Sadlvy  (1978) 
usad  an  I ntarpo I atl on  technique  to  arrlva  at  TR  to  tha 
naarast  sacond  from  tha  two-sacond  bandwidth*  glvan  in  tha 
CEDN  spactral  printouts.  In  tha  prasont  study  TR  was  takan 
as  that  parted  corresponding  to  the  frequency  of  tha 
spactral  anargy  paak  obtained  from  independent  spactral 
analysis  of  tha  CEDN  wava  data.  Because  of  the  variation 
in  tha  resolution  of  TR  over  the  rang*  of  wav*  racord 
periods  dealt  with,  TR  was  takan,  for  all  records,  to  the 
naarast  whole  sacond. 

2.  Racord  Variance: _ VR 

As  previously  discussed,  the  variance  of  a  wave 
record  Is  a  measure  of  the  energy  in  the  wave  record  and  is 
related  to  the  heights  of  the  waves  In  the  racord.  The 
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varlanca  can  ba  datarmlnad  by  tntagratlon  of  tha  powar 
apactrum  to  obtain  tha  araa  undar  tha  apactral  danaM  ; 
curva,  or  it  can  ba  calculatad  diractly  from  tha  dlgitixad 
aaa  aurfaca  alavatlona.  Tha  lattar  mathod  was  choaan  for 
two  raaaona.  First,  aatlmataa  of  varlanca  calculatad  from 
tha  tlma  aariaa  analyaia  parformad  for  thia  atudy  wara 
approx Imata I y  tha  aama  aa  tha  varlanca  valua  from  tha  CEDN 
apactral  printouta  and  from  tha  Indapandant  apactral  analyaia 
of  CEDN  wava  data.  Sacond,  tha  aaa  aurfaca  alavatlon 
mathod  waa  aaaily  Includad  in  tha  wava  group  analyaia 
program  at  llttla  coat  of  comnutar  tlma,  and  mora 
Importantly,  la  conslatant  with  tha  group  atattatica 
ganaratad  by  that  program. 

3 .  Significant  Haight:  HR 

Tha  aignlflcant  halght  of  a  wava  racord  Is  daftnad 
as  tha  avaraga  of  tha  hlghast  ona  third  wavas  In  tha  wava 
racord,  and  waa  calculatad  from  tha  racord  varlanca,  VR. 

4 .  Wava  Staapnass:  GR 

As  dafinad  In  Tabla  I,  tha  staapnass  paramatar  for 
apactrum  wavas,  using  HR  and  TR,  may  ba  dafinad  in  an 
analogous  way  to  tha  staapnass  paramatar  for  monochromatic 
wavas.  Tha  staapnass  paramatar  can  ba  usad  to  ganarally 
tdantlfy  tha  kind  of  wavas  prasant  In  tha  wava  racord  in 
tarms  of  thair  ralativa  aga,  I. a.,  saa,  young  swall. 
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moderate  swell,  old  swell.  Thompson  and  Reynolds  (1976) 
state  that  since  swell  steepness  diminishes  with  Increasing 
travel  distance  from  the  generating  area  some  measure  of 
the  steepness  of  the  wave  field,  GR,  can  be  used  for  the 
purpose  of  estimating  relative  age  and  thus  the  approximate 
swell  distance.  The  wave  steepness  parameter  Is  used  tn 
this  study  to  determine  whether  the  wave  records  analyzed 
are  primarily  composed  of  sea  or  some  type  of  swell,  and 
whether  this  has  some  relationship  to  grouping  among  the 
waves.  Figure  10  shows  the  distribution  of  wave  steepness 
among  the  338  wave  records  analyzed,  and  shows  that  with 
the  exception  of  the  old  swell  band,  the  wave  records 
are  almost  evenly  distributed  over  the  range  of  wave  age. 

5.  Record  Group  Ouration:  PR 

The  record  group  duration  is  defined  as  the  total 
amount  of  time  that  groups  are  present  over  the  length  of 
the  wave  record.  It  Is  determined  simply  by  summing  the 
durations  of  the  individual  groups,  excluding  partial  groups 
truncated  at  the  beginning  or  end  of  the  wave  record. 


B.  WAVE  GROUP  PARAMETERS 

I .  Wave  Group  Duration:  D 

Wave  group  duration  is  the  interval  of  time  that  a 
wave  group  is  present,  to  the  nearest  second,  as  determined 
by  the  wave  group  analysis  described  previously.  It  is 
measured  directly  from  the  wave  record. 
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2 .  Number  of  Waves  per  Group:  Ng 

This  is  the  number  of  whole  weves  in  a  wave  group 
of  duration  0,  and  by  definition  is  two  or  more. 

3 .  Wave  Group  Period: 

The  group  period  is  defined  as  the  average  period 
of  the  individual  waves  that  compose  a  wave  group.  One  of 
the  distinctive  characteristics  of  wave  groups  is  that  the 
constituent  waves  tend  to  be  periodic,  and  TQ  will  thus  be 
an  approximation  of  this  characteristic.  It  Is  calculated 
by  dividing  the  wave  group  duration  by  the  number  of  waves 
In  the  group. 

4 .  Average  Wave  Group  Variance: 

The  average  variance  of  a  wave  group  is  a  measure 
of  the  average  energy  contained  In  the  wave  group  and  thus 
is  another  group  parameter  of  Interest.  It  Is  calculated 
by  taking  an  average  of  the  short-te-m  variance  values  over 
the  length  of  the  wave  group  from  initial  to  terminal  zero 
upeross l ng . 

5 .  Height  of  the  Highest  Individual 

Wave  in  a  Group:  Hf^ 

This  parameter  is  defined  simply  as  the  height  of 
the  single  highest  wave  that  occurs  in  a  wave  group.  It  is 
calculated  by  the  zero  uperossing  method  (as  are  all 
individual  wave  heights  in  this  study). 
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C.  WAVE  GROUP  TO  WAVE  RECORD  PARAMETERS 

These  wave  group  parameters  were  normalized  by  taking 
the  ratio  of  the  group  parameter  to  the  corresponding 
record  parameter.  This  allows  the  group  statistics  of 
one  wave  record  to  be  compared  to  the  group  statistics  of 
other  wave  records. 

I  .  Wave  Group  Variance  to  Wave  Record  Variance;  V^/V^ 
This  group/record  parameter  Is  the  basis  for  the 
definition  of  the  wave  group,  as  discussed  above;  l.e. 
where  Vq/Vr  Is  greater  than  one  a  potential  wave  group 
exists.  As  will  be  seen  in  the  data,  some  wave  groups  have 
a  Vq/Vr  value  of  less  than  one.  This  is  explained  by  the 
fact  that  the  wave  group  boundaries  are  moved  outward  to 
include  a  whole  number  of  waves  (Figure  4).  This  means  that 
for  groups  with  small  VQ/VR  peak  values  and  small  numbers  of 
waves  that  It  Is  possible  for  more  of  the  short-term 
variance  curve  to  lie  below  the  record  variance  curve  than 


above  it.  As  both  V^  and  VR  are  measures  of  energy,  their 
ratio  Is  a  dimensionless  measure  of  energy  In  the  group. 
Thus,  the  higher  the  value  of  Vq/Vr,  the  more  energy  the 
group  contains  relative  to  the  wave  record.  This  parameter 
was  Investigated  as  it  seems  reasonable  that  the  more 
energy  a  grou^i  contains  relative  to  the  wave  field  surround¬ 
ing  it,  the  more  important  is  that  wave  group. 


2.  Wave  Group  Period  to  Spectral  Peak  Period:  T^/T^ 
Thompson  (1972),  Smith  (1974),  Thompson  and  Smith 

(1974),  and  Sad  I vy  (1978)  Investigated  the  relationship  of 
Tq  and  Tr.  The  first  three  of  these  papers  report  that  the 
average  group  period  and  tne  spectral  peak  period  are 
essentially  equal  in  a  wave  group.  Sedlvy  (1978)  found 
a  tendency  for  T^/Tp  To  approach  a  value  of  one  but  not  to 
the  degree  that  earlier  researchers  have  found.  This 
parameter  was  Included,  In  part  in  the  present  study,  to 
check  this  relationship  for  essentially  deep  ocean  waves; 
earlier  findings  were  obtained  from  waves  In  shallow  water 
recorded  by  bottom-mounted  pressure  sensors. 

3 .  Highest  Group  Wave  Height  to  Significant 
Wave  Height:  H^/H^ 

Sedivy  (1978)  found  HM/Hp  To  be  strongly  dependent 
on  other  group  or  record  parameters,  and  this  parameter  was 
included  to  help  validate  those  results  and  look  for 
possible  relationships  among  parameters  not  considered 
prev i ous I y  . 
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V.  RESULTS  AND  INTERPRETATION 


A.  ANALYSIS  SCHEDULE 

All  wav*  group  and  wava  racord  paramatars  examined  tn 
this  study  hav*  baan  dafinad  previously,  Given  the  Urge 
number  of  possible  relationships  between  them,  a  systematic 
method  of  examination  was  called  for.  To  facilitate  tMs 
analysis  Table  II  and  Table  III  were  constructed  and  „sed 
as  guides.  As  is  shown  in  each  table,  a  matrix  was  con¬ 
structed  with  all  relevant  parameters  represented  (the 
relationships  examined  are  illustrated  in  the  figures 
indicated).  The  possible  relationships  that  are  crossed 
out  are  either  redundant  or  Illogical.  Table  II  represents 
analyses  for  all  of  the  wave  group  data,  while  Table  III 
illustrates  the  same  analyses  for  extreme  wave  groups  only. 

The  data  parameters  Tq/Tr,  Vq/Vr,  hm/Hr,  and  GR  were 
divided  Into  bands  of  values.  This  alternate  view  of  data 
parameter  distributions  was  adopted  due  to  the  wide  range 
of  values  possible  for  each  parameter.  The  band  divisions 
were  chosen  either  on  the  basis  of  definitions  already  In 
use  (T.e.,  wave  record  steepness)  or  to  ensure  an  even 
distribution  of  variables  in  the  bands. 

All  possible  relationships  in  this  study  were  illus¬ 
trated  by  means  of  frequency  of  occurrence  graphs.  As  will 
be  seen  there  are  two  graphs  for  each  relationship,  a 
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percentage  distribution  curve  or  histogram*  and  a  cumula¬ 
tive  percentage  distribution  curve.  Each  type  of  curve 
has  Its  own  advantages  and  disadvantages  in  bringing  out 
the  details  of  each  relationship. 

The  cumulative  distribution  curves  were  used  to 
extract  quantitative  statistical  measures  for  each  distri¬ 
bution.  Many  of  the  curves  approximate  a  normal  distribu¬ 
tion.  If  the  distributions  were  normal  then  the  cumulative 
50  percentage  level  would  represent  the  mean  and  the 
cumulative  16  and  84  percentage  levels  would  approximate 
the  first  standard  deviation  about  the  mean.  By  analogy, 
the  median  of  the  actual  distributions  was  used  to  repre¬ 
sent  the  central  tendency,  and  the  cumulative  20  and  80 
percentage  levels  were  used  as  an  approximation,  albeit 
crude,  for  the  first  standard  deviation  distribution  about 
the  mean.  In  this  study,  the  approximation  for  the  first 
standard  deviation  will  henceforth  be  referred  to  as  the 
standard  deviation  for  all  curves  examined.  The  median 
and  the  standard  deviation  (presented  below  in  tabular 
format)  allows  rapid  and  convenient  examination  of  the 
many  distributions  that  are  graphically  presented.  They 
also  enable  one  graph  to  be  compared  to  another  graph  or 
to  another  parameter  band  of  the  same  graph. 
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B.  ALL  WAVE  GROUPS 


I .  Frequency  Distribution  (graphs) 
a.  Ng 

Tha  distribution  of  the  number  of  waves  per 
group  for  all  338  wave  records  Is  shown  in  the  histogram 
of  Figure  I  I A  and  in  the  cumulative  percentage  distribution 
of  Figure  I  IB.  The  modal  number  of  waves  per  group  Is 
three,  while  the  median  fails  between  three  and  four  waves 
per  group.  The  standard  deviation  ranges  between  two  and 
six  waves  per  group.  The  total  range  of  values  of  waves 
per  group  is  from  the  defined  minimum  of  two  to  a  single 
group  maximum  of  28. 

The  number  of  waves  per  group  as  a  function  of 
TG/TR  bands  is  illustrated  in  Figures  I 2A  and  I2B.  All 
Tg/Tp  bands  closely  resemble  the  distribution  shown  pre¬ 
viously  for  all  groups  (Figure  IIA),  The  large  variability 
of  the  lowest  Tg/TR  curve  is  due  to  the  small  sample  size 
of  the  band.  The  cumulative  percentage  curve  best  shows 
the  similarity  between  the  distribution  of  for  all  wave 
groups  and  for  groups  falling  within  the  given  Tg/TR  bands, 
it  also  shows  that  there  is  no  order  or  gradation  among  the 
Tg/TR  bands.  These  two  sets  of  curves  indicate  that  there 
is  no  dependency  of  on  Tg/TR.  Regardless  of  whether  the 
group  period  Is  less  than,  equal  to,  or  greater  than  the 
spectral  peak  period,  Ng  retains  the  same  distribution.' 
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The  histograms  and  eumulativa  percentage  curvas 
for  nq  with  raspact  to  ralatlva  energy,  or  VQ/VR  bands,  ara 
shown  in  Figuras  I3A  and  I3B  raspact l va I y .  Tha  most 
striking  taatura  of  tha  histogram  Is  that  as  tha  ralatlva 
anargy  in  a  group  Incraasas  (I. a.,  as  tha  Vq/Vr  band  valua 
increases),  tha  paak  valua  or  tha  valua  at  which  tha  numbar 
of  wavas  par  group  most  fraquantly  occurs  shifts  to  tha 
right  toward  largar  valuas.  Tha  modal  numbar  for  tha 
lowast  Vq/Vr  band  I  a  two,  whlla  for  tha  hlghast  Vq/Vr  bands 
It  is  flva  or  six  wavas  par  group.  Tha  shapa  of  tha  curva 
also  changas  as  VQ/VR  incraasas;  tha  curva  becomes  lass 
paakad  and  tha  parcantaga  fraquancy  of  occurranca  of  tha 
paak  dacraasas.  Tha  curva  widans  as  it  flattans,  and  a 
greater  total  range  of  valuas  occurs  for  tha  higher  Vq/Vr 
bands.  The  latter  features  can  also  be  seen  on  tha  cumula¬ 
tive  percentage  curve.  Tha  standard  deviation  affectively 
doubles  from  lowast  to  highest  VQ/VR  band.  Tha  numbar  of 
waves  per  group  is  plainly  seen  to  be  related  to  the 
relative  energy  that  the  group  possesses.  The  greater  tha 
relative  energy  that  a  group  contains,  the  greater  is  the 
average  number  of  waves  in  the  group. 

Figures  I4A  and  I4B  are  tha  fraquancy  of 
occurrence  graphs  for  as  a  function  of  H^/HR ,  tha  ratio 
of  the  highest  wave  par  group  to  the  significant  height  of 
the  wave  record.  Tha  curvas  for  for  tho  H^/HR  bands 
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given  show  similar  characteristics  to  tha  curves  discussed 
above  tor  Ng  as  a  function  of  VQ/VR  bands.  As  tha  HM/HR 
bands  Increase  In  value,  tha  peak  occurrence  of  NQ  decreases 
In  percentage  value  and  shifts  to  tha  right  from  two  to  six 
or  seven  waves  per  group.  While  the  curve  flattens  and 
spreads  out  as  HM/HR  Increases,  the  range  of  standard 
deviation  approximations  also  Increases  In  magnitude:  the 
Increase  telng  from  lass  than  two  to  two  waves  per  group 
for  the  lowest  HM/HR  band  to  four  to  tan  waves  per  group 
tor  the  highest  band.  Tha  similarity  between  Ng  for  HM/HR 
and  V„/V0  bands  Is  evident  as  stated  (compare  Figures  ISA 
and  I4A),  and  logic  would  dictate  that  this  Indication  of 
a  relationship  between  HM/HR  and  VQ/VR  Is  to  je  expected. 

H  and  VD  are  statistical  measures  that  should  be  proportional, 
and  ratios  tha+  contain  these  two  parameters  should  also  be 
proportional.  Thus,  the  higher  the  energy  content  of  a 
group  the  generally  higher  should  be  the  waves  In  the  group, 
including  the  largest  wave  ,  and  the  number  of  waves  that 
the  group  will  possess  should  be  larger. 

The  distribution  of  NQ  with  respect  to  wave 
steepness,  and  hence  relative  wave  age,  shows  similarities 
to  the  distribution  of  Ng  for  all  groups  (Figure  IIA),  but 
with  some  Important  differences.  Figure  I 5A  shows  that  the 
curves  for  all  tour  steepness  bands  are  very  similar  to 
each  other.  All  are  peaked  at  three  waves  per  group. 


although  tha  maximum  frequency  of  occurrence  dacraaaas  at 
wave  sfaapnatt  dacraatat.  Tha  moat  significant  dtffaranca 
between  staapnass  bands,  however,  is  bast  saan  In  tha 
ordarly  saquanca  of  tha  cumutattva  curvas  of  Figure  I5B. 

Tha  mad  Ian  number  of  wavas  par  group  Is  saan  to  Increase 
from  thraa  to  approx Imata I y  fiva  In  progressing  from  saa 
to  old  swell.  Tha  standard  deviation  varies  from  a  range 
of  two  to  five  wavas  par  group  for  high  staapnass  wavas  to 
two  to  eight  wavas  par  group  for  low  staapnass  wavas.  Tha 
total  range  of  NQ  values  also  Incraasas  as  staapnass  decreases. 
Thus,  tha  greater  tha  wave  age  tho  greater  Is  tha  probability 
of  wave  groups  having  a  wider  range  of  NQ,  and  the 
probability  Incraasas  sightly  of  there  being  more  wavas 
per  group.  This  saams  entirety  reasonable  when  one  views 
seas  as  generally  having  wider  fraquancy  and  direction  bands 
compared  to  swell  that  have  propagated  over  long  distances. 

»•  Vtr 

The  Tq/Tr  ratio  for  all  wave  groups  Is  shown  In 
Figure  I 6A  and  is  an  approximately  normal  curve  with  a  peak 
value  at  Tq/Tr  of  approximately  0.90.  This  value  Is  a 
little  less  than  1.00,  which  would  be  the  value  of  Tg/TR 
If  the  average  group  period  was  tha  same  as  tha  spectral 
peak  period  as  shown  by  Thompson  and  Smith  (1974).  Tha 
overall  range  of  Tq/Tr  values  is  from  approximately  0.30  to 
3.20.  The  cumulative  percentage  curve  in  Figure  I6B  shows 
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that  tha  standard  davlation  hat  a  small  ranga  tn  valua 
from  0.73  to  1.10  about  tha  madlan  of  0.90.  Thus,  tha 
probability  of  gattlng  a  valua  of  Tq/Tr  much  dlffarant 
from  ona  I s  sma I  I . 

Tha  frequency  of  occurranca  of  TQ/TR  as  a 
function  of  ralatlva  anargy,  axprassad  by  VQ/VR  bands.  Is 
shown  In  Flgura  I7A.  Tha  distributions  tor  all  six  VQ/VR 
bands  ara  approxlmata I y  normal,  but  with  savaral  Intarast- 
Ing  dltfarancas  batwaan  tham.  Tha  paak  fraquancy  of 
occurranca  of  TQ/TR  incraasas  as  tha  VQ/VR  bands  Incraasa 
In  magnltuda.  Also,  tha  valua  of  Tq/Tr  for  tha  paak  shifts 
slightly  to  tha  right  from  0.90  to  1.00  as  V./V-,  Incraasas. 
Flgura  1 7 B  shows  that  tha  smallar  tha  magnitude  of  tha 
VQ/VR  band  tha  mora  probable  is  a  slightly  wider  ranga  of 
TQ/TR  values.  Thus,  tha  higher  the  relative  energy  content 
of  a  group,  the  more  probable  It  is  that  the  Tq/Tr  value 
will  be  close  to  the  peak  value  and  also  that  the  peak 
value  will  be  close  to  one.  Therefore,  the  tendency  among 
high  energy  groups  Is  for  the  average  group  period  to 
approximately  equal  the  spectral  peak  period.  Since  TR  is 
fixed  for  a  wave  record,  this  means  that  for  low  energy 
groups  the  average  period  will  be  more  variable  and  will 
likely  be  less  than  TR. 

The  Tq/T r  distribution  by  H^/HR  bands  Is  Illus¬ 
trated  in  Figures  I8A  and  I8B.  All  curves  with  the 
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exception  of  the  lowest  H^/HR  band  are  approximate!  y  normal, 
and  ara  cantarad  about  a  madian  Tg/TR  valua  of  about  1.00 
(Figure  1 8 B > .  It  may  also  ba  notad  that  as  HM/HR  Increases, 
tha  probability  Ineraasas  that  Tg/TR  Is  I. 00  (Flgura  I8A). 

Tha  curvas  for  tha  lower  H^/HR  bands  have  qu I ta  trragular 
paaks  and  thay  also  possass  a  largar  standard  davtatlon. 

As  was  tha  casa  for  Nq,  tha  fraquancy  of  occurranca  curvas 
of  Tq/Tr  for  both  Vq/Vr  and  H^/Hp  bands  ara  similar. 

Tha  affact  of  staapnass  on  tha  TQ/TR  distribution 
is  shown  In  Flgura  I9A.  All  four  curvas  approximate  a 
normal  distribution.  Tha  paak  parcantaga  valuas  ara 
approximataly  equal,  as  Is  tha  total  ranga  of  TQ/TR  valuas. 

It  is  obvious,  howavar,  that  Tg/TR  Is  a  function  of  staapnass, 
as  tha  distributions  show  a  prograsslva  march  to  tha  right 
for  tg/TR  as  tha  staapnass  ineraasas.  Tha  band  correspond- 
Ing  to  low  swell  (GR  <  1/250)  paaks  batween  T^/TR  valuas  of 
0.60  and  0.80,  while  tha  band  corresponding  to  seas 
(1/12  <  GR  <  1/40)  peaks  around  I . 1 0 .  Tha  cumulative  per¬ 
centage  curvas  ara  shown  In  Flgura  I9B.  With  tha  exception 
of  the  highest  steepness  band,  the  three  remaining  curves 
are  very  parallel  to  each  other  and  tha  valuas  for  tha 
standard  deviation  ara  approximataly  tha  same.  Tha  greater 
the  steepness  of  a  wave  record  tha  more  probable  It  Is  that 
Tq  will  approach  TR  in  value  for  the  wave  groups  contained 
In  the  record.  However,  there  is  also  a  little  wider  range 
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of  possible  ?q/Tr  values.  This  It  partly  contrary  to  logic. 
Old  swel I  of  low  ataapnass  it  expected  to  hava  a  narrow  fra* 
quancy  band.  It  would  laam  llkaly  that  tha  ranga  of  TQ/TR 
valuat  thould  thut  ba  small  and  that  thould  approximate 

TR.  Slnca  thlt  It  not  tha  cata  than  how  can  TR  ba  tha  parlod 
of  maximum  anargy  dantlty  for  tha  racord?  Thlt  quaatlon  will 
ba  lookad  at  again  latar. 

«•  VVR 

Tha  fraquancy  of  occurranca  for  tha  ratio  of 
avaraga  wava  group  varlanca  to  racord  varlanca  for  all 
groupt  It  shown  In  Figure  20A.  Tha  curva  It  notlcaably 
positlvaly  tkawad  with  a  vary  sharp  Incraasa  to  tha  left 
of  tha  paak  batwaan  Vq/Vr  valuat  of  0.80  to  1.00.  Tha  paak 
valua  occurs  at  approx  I mata I y  I  .  I  0 .  Tha  sharp  cutoff  Is 
simply  axplainad  as  dua  to  tha  usa  of  VQ/vR  oqual  to  ona 
for  daftnlng  wava  groups.  If  wava  groups  wara  daflnad  solaly 
as  thosa  parts  of  tha  wava  racord  whara  VQ  was  greatar  than 
or  aqual  to  VR  thara  would  ba  no  valuas  of  Vq/Vr  lass  than 
ona.  As  axplainad  earlier,  however,  othar  rastrlctlons  on 
tha  I dant I f Icat Ion  of  wava  group  boundaries  allow  a  small 
number  of  valuas  lass  than  ona.  Tha  paak  occurring  at  a 
value  slightly  larger  than  ona  means  that  most  groups  hava 
only  Just  enough  relative  anargy  to  ba  included  as  wava 
groups.  There  was  a  wide  ranga  of  Vq/Vr  valuas  found,  ex¬ 
tending  from  0.55  to  3.60.  Tha  cumulative  percentage  curva 
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of  Figure  20B  reveals  that  tha  mad  I  an  valua  O*  y8/yR  i. 
approx Imata I y  1.20  while  tha  standard  davlatton  about  that 
valua  ranges  from  1.00  to  1.50. 

Pravlously  dasertbad  graphs  (Figures  I 3A ,  I4A, 
I7A,  and  I8A)  hava  shown  Indications  of  a  ralatlonship 
batwaan  VQ/VR  and  HM/HR.  This  ralatlonship  Is  lllustratad 
In  a  dlffarant  way  by  Flguras  2IA  and  2IB.  All  curvas  with 
tha  axcaptlon  of  tha  curva  for  tha  hlghast  H^/Hp  band  ara 
approx Imata I y  normal.  Tha  Irragularlty  of  this  curva  Is 
tha  rasult  of  a  low  numbar  of  groups  In  that  band.  As  tha 
H^/Hp  bands  tncraasa  in  valua  tha  parcantaga  occurranca  of 
tha  peak  VQ/VR  valuas  dacraasas  and  tha  pack  Itsalf  shifts 
to  tha  right.  Tha  curvas  also  bacoma  lass  peaked,  mora 
flattened,  and  axtand  ovar  a  wider  ranga  in  tha  prograsslon 
toward  higher  H^/HR  valuas.  The  cumulative  percentage  curvas 
Illustrate  these  observations  nicely.  The  standard  devia¬ 
tion  for  Vg/VR  ranges  from  0.90  to  1.05  for  tha  lowest 
H^/Hp  band,  while  for  tha  highest  it  ranges  from  1.75  to 
2.45.  The  principal  massage  obtained  from  these  graphs  is 
that  tha  greater  tha  relative  energy  in  a  group,  the  more 
likely  Is  tha  chance  that  will  exceed  HR ,  and  by  a 
greater  amount.  It  is  also  evident  that  the  higher  the 
valua  of  H^/Hp,  the  wider  Is  the  range  of  values  possible 
for  yG/y„. 

The  Vq/Vr  vulues  plotted  for  steepness  bands 
are  shown  In  Figures  22A  and  22B.  All  four  curves  are  very 
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nearly  statistically  Identical,  and  It  Is  clear  that  wave 
steepness  does  not  affect  Vq/Vr.  In  other  words,  Vq/Vr 
will  have  the  same  distribution  among  wave  groups  regardless 
of  the  age  or  distance  traveled  of  the  waves  In  the  wave 
record . 

d.  Hm/Hr 

The  distribution  of  H^/HR  for  all  wave  groups 
Is  shown  by  Figure  23A  to  approximate  a  normal  curve  with 
a  mean  close  to  1.00.  The  total  range  of  HM/HR  values  Is 
approximately  between  0.35  and  2.15.  The  standard  deviation 
obtained  from  analysis  of  Figure  23B  varies  between  0.85 
and  1.21.  Although  a  wide  range  of  H^/HR  values  is  possible. 
It  is  surprising  to  note  that  the  probability  of  occurrence 
is  greatest  when  is  approximately  equal  to  HR.  That  Is, 
the  highest  wave  in  a  group  will  most  frequently  equal  the 
significant  height  of  the  record. 

The  relationship  between  HM/HR  and  steepness 
Is  shown  by  Figures  24A  and  24B.  The  peak  occurrence 
percentage  values  on  the  histograms  are  very  nearly  the 
same  with  the  exception  of  the  lowest  steepness  band  which 
is  slightly  higher.  The  value  of  HM/HR  at  which  the  peak 
occurs  shifts  to  the  right  as  the  steepness  of  the  wave 
record  decreases.  The  cumulative  curves  also  show  this 
shift,  however,  the  standard  deviation  about  the  median 
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remains  nearly  constant.  The  range  of  values  In  each  band 
also  remains  almost  constant.  Figure  2IA  shows  HM/HR  and 
VQ/VR  to  be  related, and  Figure  24A  shows  HM/HR  and  GR  (steep¬ 
ness)  to  be  related.  It  is  surprising,  therefore,  to  find 
from  Figure  22A  that  Vq/Vr  and  steepness  are  apparently 
unre ! ated  . 

••  dr 

The  length  of  each  wave  record  was  1024  seconds. 
The  duration  or  the  amount  of  time  that  wave  groups  were 
presont  over  that  time  Interval  Is  shown  In  Figures  25A  and 
25B.  The  histogram  appears  quite  Irregular  but  the 
irregularity  is  magnified  in  the  graphical  presentation 
because  of  the  small  duration  Interval  used  to  generate  the 
histogram.  A  best-fit  curve  drawn  to  this  distribution  would 
yield  an  approximately  normal  distribution  with  a  mean  of 
about  575  seconds.  Thus,  on  the  average,  wave  groups  are 
present  over  more  than  half  of  the  wave  record.  This  Is  in 
agreement  with  the  findings  of  Sedivy  (1978).  The  standard 
deviation  ranges  from  485  to  620  seconds. 

2 .  Statistical  Measures  (tables) 

Thus  far  15  sets  (two  each)  of  frequency  of  occur¬ 
rence  graphs  have  been  presented,  described,  and  discussed 
for  various  wave  group  parameters.  To  assist  readers  In 
their  interpretation,  pertinent  statistical  data  on  the 
distributions  have  been  tabulated  and  are  presented  in 
Table  IV  A-E.  The  sequence  of  the  data  is  keyed  to  the 
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parameter  matrix  shown  In  Table  II.  The  first  four  columns 
of  numerical  data  In  Table  IV  A-E  contain  Information  from 
the  respective  histograms:  the  parameter  value  at  which  the 
peak  occurs.  the  maximum  parameter  value,  the  minimum 
parameter  value,  and  the  total  range  of  parameter  values 
(the  maximum  value  less  the  minimum  value).  The  next  three 
columns  are  the  50,  20,  and  80  cumulative  percentage  levels 
from  the  cumulative  distributions.  As  described  previously, 
these  values  represent  the  median  and  standard  deviation 
limits,  respectively.  The  next  two  columns  are  the  50  minus 
the  20  cumulative  percentage  value  and  the  80  minus  the  50 
cumulative  percentage  value.  These  two  columns  when  compared 
against  each  other  give  a  rough  Idea  of  the  skewness  of  the 
distribution.  The  last  column  gives  the  approximate 
standard  deviation  range. 

C.  EXTREME  WAVE  GROUPS 

The  frequency  of  occurrence  graphs  examined  thus  far 
have  utilized  as  a  data  base  all  5548  wave  groups  identified 
in  the  study.  These  groups  were  either  examined  collectively 
or  in  bands  according  to  wave  group  or  wave  record  charac¬ 
teristics.  The  engineer  may,  however,  be  particularly 
interested  in  those  groups  which  are  the  most  likely  to 
damage  a  structure.  These  may  include  groups  with  a  large 
number  of  periodic  waves  that  might  induce  resonance  In  the 
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structure,  or  groups  containing  a  great  deal  of  energy  whose 
waves  of  large  amplitude  are  capable  of  exerting  excessive 
fluid  forces. 

With  this  In  mind,  a  second  series  of  frequency  of 
occurrence  graphs  were  generated,  with  the  largest  wave 
group  in  each  wave  record  being  used  as  the  data  base.  Two 
means  of  identifying  the  largest  group  per  record  were 
employed.  The  largest  group  was  first  defined  as  the 
group  with  the  largest  number  of  waves,  and  secondly  as 
the  group  with  the  largest  Vq/Vr  ratio  in  each  record. 

I .  Frequency  Distribution  (graphs) 
a.  Largest  per  Wave  Record 

Figure  26A  she  *  rhe  distribution  curve  tor  Nq 
using  only  that  group  in  each  record  having  the  largest  NQ 
value.  The  peak  occurrence  of  the  338  records  analyzed  was 
found  to  be  at  nine  to  ten  waves  per  group,  with  the  total 
range  being  from  five  to  28.  The  curve  Is  approximately 
normal,  but  Is  somewhat  positively  skewed.  The  cumulative 
percentage  curve  in  Figure  26B  shows  the  standard  deviation 
to  range  between  eight  and  12  to  13  waves  per  group. 

Figures  27A  and  27B  present  Tq/Tr  distributions 
for  the  largest  NQ  per  wave  record.  The  most  striking 
features  of  the  histogram  are  the  sharpness  of  the  peak 
and  the  small  range  of  possible  values.  The  main  peak  occurs 
at  Tq/Tr  equal  to  one;  however,  the  median  of  the  distribution 


is  somewhat  less  than  ona.  Tha  standard  davtation  extends 
from  0.74  to  1.14  and  tha  total  ranga  is  approx Imeta I y  from 
0.50  to  2.10.  Tha  distribution  shown  in  Flguras  27A  and  27B 
is  almost  Idantical  to  that  for  all  wava  groups  (Figures 
I6A  and  I6B),  indicating  that  Tq/Tr  and  Nq  are  independent 
variables.  This  was  also  shown  in  Figures  I 2A  and  I2B. 

Tha  distribution  of  Vq/V r  associated  with  tha 
largest  par  wave  record  Is  illustrated  in  Figures  28A  and 
28B.  The  peak  occurs  at  a  Vq/Vr  value  of  about  1.60, 
although  there  are  secondary  maxima  on  either  side  of  the 
peak.  The  distribution  Is  similar  to  that  for  all  wave 
groups  (Figures  20A  and  20B),  but  Is  clearly  displaced  toward 
larger  VQ/VR  values  and  Is  more  narrow-banded  as  Indicated 
by  a  smaller  standard  deviation  (.Tables  I V.  C  and  V.A). 

Thus,  those  groups  in  the  records  with  the  largest  number 
of  waves  tend  to  have  higher  relative  energy  values. 

The  frequency  of  occurrence  of  H^/HR  with  respect 
to  the  largest  per  wave  record  is  shown  in  Figures  29A  and 
29B.  The  distribution  is  approximately  normal,  with  the  peak 
being  around  1.25  and  with  overall  values  ranging  from 
approximately  1.00  to  2.00.  As  with  Vg/VR,  the  distribution 
of  hm/hr  among  those  wave  groups  with  the  largest  number  of 
waves  per  wave  record  Is  similar  to  that  for  all  wave  groups 
(Figures  23A  and  23B) ,  but  is  displaced  toward  larger  HM/HR 
values  and  is  more  narrow-banded  (Tables  IV. D  and  V.A). 
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The  curves  suggest  that  for  groups  with  large  numbers  of 
waves,  the  highest  wave  In  a  group  will  almost  certainly 
exceed  the  significant  height  of  the  record.  In  wave 
record*5  of  17  minute  duration,  will  tend  to  be  about 
30#  higher  than  HR. 

b.  Largest  Vq/Vr  par  Wave  Record 

The  distribution  curves  for  N^,  as  Illustrated 
In  Figure  30A  and  Figure  30B  for  the  largest  group  Vg/VR 
value  per  wave  record  are  generally  similar  to  the  curves 
for  the  largest  group  Nq  value  per  record  (Figures  26A  and 
26B).  However,  the  peak  lies  In  the  range  of  from  five  to 
seven  waves  per  group,  and  the  distribution  has  a  slightly 
larger  Standard  devlatior.  The  long  tall  to  the  right  In 
both  distributions  suggests  that  those  groups  with  the  most 
waves  also  have  the  highest  relative  energy  since  It  appears 
that  the  same  groups  make  up  the  tail. 

Figures  3IA  and  3IB  are  almost  Identical  In 
every  respect  to  the  corresponding  Tg/TR  graphs  generated 
for  the  wave  groups  with  largest  Nq  per  record  (Figures  27A 
and  27B1.  The  description  of  the  latter  figures  given  above 
therefore  describes  these  figures. 

The  distribution  of  Vq/Vr  for  the  largest  group 
Vg/VR  per  wave  record,  shown  In  Figures  32A  and  32B,  Is  very 
similar  to  that  for  the  largest  group  Nq  (Figures  28A  and 
28B),  but  is  displaced  substantially  toward  larger  Vq/Vr 
values.  The  histogram  shows  that  the  average  variance  of 


the  wave  group  with  largest  energy  In  a  record  may  exceed 
the  record  variance  by  a  factor  of  more  than  three,  although 
a  factor  of  1.75  to  2.00  is  most  probable. 

Figures  33A  and  33B  Illustrate  the  histogram  and 
cumulative  curves  for  H^/Hp  associated  with  the  largest  group 
Vg/Vp  per  record.  The  distribution  is  very  similar  to  that 
for  wave  groups  having  the  largest  Ng  per  record  (Figures 
29A  and  29B)  although  it  is  clearly  displaced  toward  higher 
H^/Hp  values  (Tables  V.A  and  V.B).  The  histogram  shows  that 
groups  having  the  largest  relative  energy  in  17  minute  wave 
records  may  have  H^/Hp  values  as  large  as  two,  although  a 
factor  of  1.3  to  1.6  has  the  greatest  probability  of 
occurrence . 

2.  Statistical  Measures  (tables) 

Statistical  data  on  the  previous  eight  sets  of 
frequency  of  occurrence  graphs  for  extreme  wave  groups  have 
been  tabulated  and  are  presented  in  Table  V.A-B.  The 
organization  of  the  table  is  the  same  as  previously  used 
(Table  IV.A-E),  and  the  same  I nterpretat Iona  I  comments  apply. 
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VI.  SUMMARY 


The  purpose  of  this  study  was  to  usa  a  digital  analysis 
technique  to  examine  tha  statistics  of  salactad  wava  group 
paramatars.  Wava  groups  wara  daflnad  as  packats  of  wavas 
whosa  anargy  danslty  Is  graatar  than  that  of  tha  wava 
record  as  a  whole.  Wava  group  boundaries  wara  mainly  deter¬ 
mined  by  using  a  sliding  window  to  calculate  tha  short-term 
variance,  which  was  then  compared  to  the  record  variance 
(variance  being  proportional  to  energy).  Tha  short-term 
window  length  was  taken  to  be  a  function  of  the  spectral  peak 
period.  The  wave  group  measures  of  interest  were  calculated 
for  each  identified  wave  group.  One  set  of  statistics  was 
then  generated  using  all  wave  groups  and  another  set  using 
selected  extreme  wave  groups  only.  The  distributions  and 
interrelationships  of  these  parameters  were  represented  for 
analytical  purposes  by  frequency  of  occurrence  graphs. 

Wave  records  were  obtained  from  a  Waverider  buoy  moored 
In  Monterey  Bay  on  the  outer  continental  shelf.  The  wave 
records  represented  deep  or  intermediate  depth  waves,  and 
covered  a  wide  range  of  significant  height,  spectral  peak 
“■31  :  ud ,  ?<•  wave  type  (represented  by  wave  steepness).  Only 
wave  records  that  displayed  a  unimodal  spectrum  were  con¬ 
sidered  for  analysis,  and  338  of  those  examined  were  chosen 


for  analysis.  Tha  analysts  war#  performed  on  wava  racords 
having  a  duration  of  1024  saconds  (about  17  minutes).  Tha 
data  basa  from  thasa  racords  conslstad  of  5598  wava  groups. 

Tha  portion  of  tha  study  daaltng  with  all  groups  yltldad 
rasults  both  tntarastlng  and  unexpected.  It  was  found  that 
tha  numbar  of  wavas  par  group  incraasas  as  tha  ralattva 
anargy  of  tha  wava  group  incraasas.  It  was  also  shown  thwt 
tha  avaraga  group  pariod  approachas  tha  spactral  paak  period 
for  groups  of  high  ralativa  anargy.  Tha  staapnass  of  tha 
wava  racord  has  no  affact  at  all  on  tha  ralativa  anargy  of 
a  group,  on  tha  othar  hand,  tha  lowar  tha  staapnass  (hance 
tha  greater  tha  distance  that  tha  wavas  have  traveled)  tha 
larger  is  tha  num  er  of  wavas  a  group  will  tend  to  possess. 

Tha  height  of  the  highest  wava  In  a  group  (H^)  tends  to 
approximate  the  significant  height  of  the  wave  record  (HR). 

The  greater  the  relative  energy  (VQ/VR)  that  a  group  contains, 
however,  tha  greater  is  tha  probability  that  will  exceed 
Hr.  Although  relationships  were  shown  to  exist  between 
relative  energy  and  H^/HR ,  and  between  wave  steepness  (GR> 
and  Hm/Hr,  no  relationship  could  be  shown  to  exist  (or  the 
relationship  was  so  subtle  as  to  not  be  seen)  between  GR 
and  VG/VR. 

The  extreme  wave  groups  used  for  statistical  analysis 
were  divided  into  two  sets.  The  first  set  was  composed  of 
that  group  from  each  wave  record  having  the  largest  number 
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of  waves,  wh 1  I •  the  second  aat  contained  that  group  In  aach 
racord  having  tha  largaat  ralatlva  anargy  contant.  Tha  main 
faatura  of  these  two  analyses  was  tha  almllarlty  between  tha 
distribution*  of  both  data  sats  for  tha  sama  paramatars. 
Although  tha  distributions  were  dlsplacad  to  tha  right  or 
laft  of  aach  other,  thay  were  vary  naarly  Idantlcal.  Tha 
avaraga  group  parlod  of  both  sats  of  extreme  groups  was  shown 
fo  approximate  tha  spactral  paak  pariod  (TQ/TR  *  I),  and 
the  maximum  wave  height  was  shown  to  substantially  exceed 
the  significant  height  of  the  wave  racord.  It  appears  that 
those  groups  having  tha  largest  number  of  waves  ware  also 
the  same  groups  that  possessed  the  largest  ralatlva  energy. 
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Tab  t •  I.  Definitions  o  *  wavs  staapnass 
applicabla  to  daap  water  only 
Rayno Ids,  I  976) . 


WAVE  STEEPNESS,  G 

Monochromatic  waves 

G  .  (i  -  H  .  _  H 

M  ^  TZ  5.12  TZ 


Spectrum  waves 


G 


R 


5.12  T, 


WAVE  AGE  (in  terms  of  GR) 

Wave  Age 
Sea 

Young  Swell 
Moderate  Swe I  I 
Old  Swell 


1/12-1/40 
1/40-1 / 1  00 
I / I  00- 1/250 
1/250+ 


and  wave  age, 
(Thompson  and 


H  ■  wave  height 
L  ■  wave  length 
T  ■  wave  period 


H_  ■  significant 
wave  height 

T0  »  spectral  peak 
period 
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Parameter  matrix  for  all  wav*  group*. 
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Figure  I4A  Figure  I8A  Figure  2 1 A 
Figure  I4B  Figure  I8B  Figure  2 1 B 


Figure  I5A  Figure  I9A  Figure  22A  Figure  24A 
Figure  I5B  Figure  I9B  Figure  22B  Figure  24B 


Figure  1 1 A  Figure  I6A  Figure  20A  Figure  23A  Figure  25A 
Figure  MB  Figure  168  Figure  20B  Figure  238  Figure  25B 


TABLE  III.  Parameter  matrix  for  extreme  wava  groups 


Vs/V 


Flgura  26A 
Figure  26B 

Flgura  27A 
Figure  27B 

Flgura  28A 
Flgura  28B 

Flgura  29A 
Flgura  29B 

Figure  30A 
Flgura  300 

Flgura  31 A 
Flgura  3IB 

Flgura  32A 
Flgura  32B 

Flgura  33A 
FI  guru  33B 

Groups  I  254-258 1  I  575  0  760.0  I  290.0  I  470.0  I  999.0  |  465.0  I  615.0  I  70.0 - | — <0.0  I — I3<M> 


and 


and  group  wave 


Location  of  Monterey  Bay  Waverlder 


SANTA  CRUZ  WAVERIDER 


T  (sec)  20  16  12  8  4 


Figure  6.  Example  of  CEDN  graphical  spectra 
pre  sen  tat  I  on , 
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Example  of  CEDN  tabulai  spectra  presentation 
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Histogram  of  N_  for  all  wave  groups. 
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Figure  I7B.  Cumulative  percentage  distribution  of  T_/TR  for 
wave  group  bands. 
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Figure  !9Af  Histogram  of  Tr/YR  for  G_  wave  group  bands 
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Figure  25A.  Histogram  of  0R  for  ail  wave  groups. 
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Figure  33A,  Histogram  of  HM/H_  for  extreme  wave  groups:  largest 
group  Vr/VD  per  wave  record. 
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APPENDIX: 


WAVE  RECORD  SPECTRAL  AND  WAVE 
GROUP  STATISTICAL  RlLATIONS 


A.  BACKGROUND 

The  Initial  objective  of  this  study  was  to  examine  sta¬ 
tistical  relationships  among  wave  group  and  wave  record 
parameters,  and  the  results  have  been  presented  in  the  main 
text.  As  the  study  progressed,  however,  It  became  evident 
that  It  might  be  possible  to  relate  group  statistics  to  the 
frequency  spectra  of  the  wave  records  analyzed.  Time  was  a 
critical  factor  and  the  analytical  methods  employed  were 
simple,  but  the  results  were  very  promising  and  have  been 
Included  In  this  appendix.  The  need  for  a  more  In-depth 
study  Is  evident. 

It  is  generally  thought  that  spectra  that  are  unimodal 
or  bimodal  (one  or  two  main  spectral  peaks)  indicate  wave 
trains  that  have  traveled  from  one  or  two  sources,  respec¬ 
tively.  In  the  study  of  unimodal  wave  record  spectra, 
Thompson  (1972),  Smith  (1974),  and  Sedivy  (1978)  have  shown 
that  the  spectral  peak  occurs  af  a  certain  frequency  or 
period  In  a  specfrum  because  the  wave  groups  contain  quasl- 
perlodlc  waves  that  approximate  this  period  of  maximum 
energy  density.  This  seems  logical  since  wave  groups  may 
be  thought  of  as  packets  of  energy  concentration.  In  other 
words,  wave  groups  with  the  most  energy  compared  to  the 
energy  contained  In  the  wave  record  as  a  whole  CV^/Vp 


highest)  should  be  responsible  for  thet  period  merklng  the 
spectral  peak.  It  also  seems  reasonable  to  expect  that 
aside  from  the  main  peak  of  the  spectrum,  wave  groups  might 
possibly  be  responsible  for  subsidiary  maxima.  Including 
bumps,  peaks,  and  other  Irregularities,  that  commonly  are 
observed  In  frequency  spectra. 

Limited  time  permitted  only  a  preliminary  examination 
of  these  suppositions,  and  the  results  obtained  are  pre¬ 
sented  below.  The  results  are  promising  but  far  from  con¬ 
clusive.  More  research  is  needed  in  this  area  for 
definitive  conclusions  to  be  drawn. 

B.  RELATIONSHIP  BETWEEN  GROUP  STATISTICS 

AND  THE  FREQUENCY  SPECTRUM 

The  first  area  examined  was  the  relationship  of  average 
wave  group  periods  and  their  respective  VQ/VR  ratios  in  a 
given  record  to  the  frequency  spectrum  of  the  record.  Ten 
wave  records  were  examined  for  this  relationship.  The  fre¬ 
quency  spectra  were  printed  out  and  the  TQ  and  Vq/Vr  value 
for  each  group  plotted  thereon.  Figure  A-l  shows  an  example. 
As  expected,  most  of  the  wave  groups  are  seen  to  fall  In 
the  area  of  the  spectral  peak  although  not  necessarily  on 
the  peak  itself.  An  Interesting  feature  of  the  figure  Is 
that  not  a  single  group  falls  to  the  left  of  the  peak.  Also 
noteworthy  is  the  fact  that  those  groups  with  high  values  of 
relative  energy  do  not  necessarily  fall  closest  to  the 
spectral  peak  period,  nor  do  groups  of  low  relative  energy 


fall  In  tha  tails  of  tha  curva.  Tha  othar  feature  that  de- 
sarvas  attantlon  is  that  soma  of  tha  mora  prominent 
sacondary  paaks  show  no  wava  group  falling  naar  thalr  paak 
parlods.  It  is  notabla  that  without  exception  avary  wava 
racord  so  axamlnad  showed  similar  results. 

In  an  attempt  to  determlno  why  tha  plotted  wava  groups 
do  not  bracket  tha  frequency  paak  as  logic  would  dictate, 
four  of  tha  digitized  wava  records  ware  printed  out  In 
analog  form  to  large  scale  and  hand  analyzed.  Tha  first 
Important  observation  that  was  Immediately  apparent  concerned 
the  accuracy  to  which  the  average  wave  group  period  can  be 
calculated.  The  computer,  which  was  constrained  by  the 
one-second  digitizing  rate  of  the  data  collection  system, 
was  accordingly  limited  to  calculating  wave  periods  to  the 
nearest  second.  The  hand  analysis  method  could  use  Inter¬ 
polation  and  determine  wave  periods  to  a  tenth  o+  a  second. 
Since  the  average  group  period  Is  an  average  of  the  periods 
of  the  individual  waves  In  the  group,  It  was  possible  to 
determine  T^  to  an  accuracy  an  order  of  magnitude  better 
than  the  computer  analysis.  With  the  accuracy  of  Tg  thus 
Increased  the  spectra  and  group  statistics  were  replotted  as 
shown  in  Figure  A-2.  The  same  problems  as  before  were  still 
apparent.  The  positions  of  the  wave  groups  had  all  shifted 
slightly  to  ♦he  left  but  their  relationship  to  the  spectral 
peak  remained  unchanged, 

A  problem  area  that  became  readily  apparent  was  that  most 
wave  groups  contain  one  or  more  waves  of  smaller  amplitude. 


and  almost  without  exception  alto  of  shortar  period,  rela- 
tlva  to  tha  othar  wavat  In  tha  group.  Figurat  A-3  and  A-4 
show  groups  with  wavas  radically  dlftarant  from  tha  othar 
wavas  In  tha  group.  As  wava  groups  c*»n  ba  thought  of  In 
tarms  of  not  only  anargy  contant  but  also  In  tarms  of  ragu- 
larlty  of  both  tha  halght  and  parlod  of  tha  succasslva  wavas 
that  comprlsa  tha  groups,  tha  quastlon  arosa  as  to  whathar 
anomalous  wavas  should  ba  includad  In  a  group  for  statisti¬ 
cal  purposas. 

This  particular  problam  arosa  from  using  tha  zaro  up- 
crossing  mathod  that  idantlflas  wavas  solaly  on  tha  basis  of 
tha  wavaform  rising  (howsvar  slightly)  abova  tha  maan  watar 
I ava I .  Ralativaly  small  or  Insignificant  wavas  would  not  ba 
counted  If  wava  groups  ware  being  observed  visually.  In 
fact,  at  times,  they  might  not  even  ba  seen  against  tha 
random  wava  field  background.  It  was  therefore  apparent 
that  another  restriction  needed  to  be  added  to  the  wava  group 
definition.  A  disqualification  factor  based  on  either  the 
height  or  the  period  of  the  subject  wave  would  be  logical. 

Using  wave  period  as  the  basis  for  disqualification,  a 
wave  deletion  parameter  was  applied  under  tha  following 
conditions.  If  a  group  contains  only  two  waves  neither  of 
the  two  waves  would  be  disqualified.  If  the  group  has  three 
or  four  waves  the  shortest  period  wave.  If  any,  would  be 
disqualified.  If  the  group  contains  five  or  more  waves  the 
two  shortest  period  waves  would  be  disqualified.  Using  the 


more  accurate  hand -ana  I yzed  data,  this  method  of  wave  dis¬ 
qualification  was  applied  and  TQ  was  calcuiatad  and  was 
plottad  as  before  on  tha  powar  spactrum.  Tha  rasults  ara 
lllustratad  In  Flgura  A-3  for  tha  sama  wava  racord  as  shown 
In  Ftguras  A-l  and  A-2.  Tha  rasults  ara  startlingly  dlffer- 
ant.  All  wava  groups  now  fall  closa  to  and  on  alther  side 
of  tha  main  spactral  paak.  Tha  rasults  wara  similar  for 
tha  othar  wava  records  so  analyzed.  Tha  VQ/VR  valuas, 
howavar,  again  displayad  no  tendency  toward  being  larger 
as  Tq/Tr  approaches  one.  No  wave  groups  were  found  to  fall 
on  or  near  secondary  maxima;  however,  later  analysis  showed 
that  those  waves  occurring  tn  tha  Intervals  between  wava 
groups  when  systematically  analyzed  fall  In  tha  tails  of 
the  spectrum.  These  results  show  that  a  relationship 
evidently  exists  between  the  quas I -per  I od i c  waves  constitut¬ 
ing  a  group  ar.d  the  peak  period  of  the  system,  but  that  the 
methods  and  definitions  used  in  the  machine  analysis  were 
too  coarse  to  spell  out  this  relationship. 

It  should  be  noted  that  the  wave  disqualification  scheme 
described  shove  and  used  in  ’he  subsequent  analyses  repre¬ 
sented  a  first  attempt  In  tha  Interest  of  time.  This  Is  a 
very  crude  method  for  wave  deletion  and  more  sophisticated 
methods  (such  as  filtering)  or  definitions  would  probably 
yield  better  results. 


C.  RELATIONSHIP  BETWEEN  INDIVIDUAL  WAVES 

AND  THE  FREQUENCY  SPECTRUM 

As  mentioned  previously,  the  energy  represented  In  a 
wave  record  may  be  thought  of  as  proportional  to  the 
squares  of  the  heights  of  the  frequency  components  that  are 
summed  linearly  to  give  the  observable  waves  on  the  sea 
surface.  However,  If  the  wave  record  Is  considered  to  be 
composed  of  a  finite  number  of  components  and  If  each  wave 
In  the  record  can  be  assumed  to  be  representative  of  one 
of  these  components,  then  the  energy  of  the  wave  record 
may  be  expected  to  be  proportional  to  the  squares  of  the 
heights  of  the  waves  In  the  wave  record.  Data  from  the 
hand  analysis  of  wave  records  accomplished  previously  were 
coupled  with  this  assumption  and  the  results  used  to 
construct  a  form  of  an  energy  density  curve.  If  these 
pseudo-energy  curves  thus  constructed  are  similar  to  the 
frequency  spectra  for  the  same  wave  records,  then  a 
statement  could  be  made  relating  Individual  waves  In  a 
wave  record  to  the  frequency  spectrum. 

The  first  analysis  approach  was  made  by  identifying  each 
successive  wave  In  a  record  as  belonging  to  a  wave  group  or 
to  the  interval  between  wave  groups.  The  wave  groups  were 
also  Identified  by  the  standard  Vq/Vr  bands  specified  earl  Ter. 
The  heights  of  the  Individual  waves  were  squared  and  plotted 
against  the  respective  frequencv.  Figure  A-6  Illustrates 
this  analysis  for  the  same  wave  record  shown  In  Figure  A-5 
(and  several  earlier  figures).  This  figure  is  remarkably 


I  Id 


*  I  m '  !  -•  r  In  appearance  to  tha  actual  spectral  density  curve 
for  tha  same  wave  record.  This  Is  true  with  regard  to  both 
the  distribution  and  magnitude  of  the  energy.  Waves  belong¬ 
ing  to  wave  groups  fall  within  a  relatively  narrow  froquency 
band  while  waves  belonging  to  Intervals  between  groups, 
termed  Interval  waves,  are  uniformly  distributed  over  the 
full  range  of  frequencies  found  In  the  spectrum.  As  expected, 
the  Interval  waves  are  of  low  energy  content  while  most  of 
the  group  waves  are  high  In  energy.  This  Is  shown  by  the 
gradation  from  Interval  to  group  waves  from  the  bottom  to 
the  top  of  the  graph.  The  other  notable  feature  of  this 
figure  Is  that  the  high  energy  waves  that  comprise  the 
higher  values  around  the  spectral  peak  are  waves  from  groups 
with  a  high  VQ/VR  ratio. 

Because  this  type  of  analysis  Is  clearly  suggestive  of 
a  spectral  energy  distribution,  another  method  was  employed 
to  generate  a  pseudo-spectrum.  This  Involved  summing  the 
squares  of  the  height  values  and  cumulating  -them  over  the 
full  frequency  range.  Differential  values,  corresponding 
to  the  width  of  the  frequency  band  desired,  were  read  from 
the  cumulative  curve  and  represented  the  amount  of  energy 
In  these  bands.  Values  were  then  plotted  at  the  midpoint  of 
each  band  and  a  continuous  pseudo-spectral  curve  generated. 

The  results  of  this  method  are  shown  In  Figure  A-7 .  The 
plotted  values  were  obtained  from  the  cumulative  curve  using 


a  frequency  bandwidth  of  0.01  Hz.  Curves  for  bandwidth* 
othar  than  0.01  Hz  wara  ganaratad,  including  a  bandwidth  of 
0.0078  Hz  which  was  uaad  In  tha  computar  program  to  ganarata 
tha  actual  fraquancy  spactrum.  Tha  bandwidth  of  0.01  Hz 
was  usad  for  aavaral  raaaons.  Shortar  bandwtdths  tandad 
to  gtva  too  much  Irregularity  In  tha  pseudo-spectra I  curva 
whlla  longar  bandwldths  tandad  to  smooth  sacondary  faaturas 
out  antlraly.  Also,  this  cholca  of  bandwidth  was  extremely 
slmpla  to  work  with,  aspaclally  In  tha  Initial  hand  analysis. 

A  comparison  batwaan  tha  actual  spactrum  and  tha  pseudo- 
spactrum  shows  that  tha  locations  of  tha  main  and  sacondary 
paaks  ara  in  closa  agraamant  with  thosa  of  tha  fraquancy 
distribution.  Tha  ralativa  halghts  batwaan  paaks  do  not 
closely  agraa,  howavar. 

D.  SUMMARY 

A  preliminary  analysis  of  the  relationships  of  wave  groups 
and  Individual  waves  (both  within  and  without  wave  groups) 
with  tha  energy  density  spectrum  was  performed  as  a  natural 
outgrowth  of  tha  wave  group  statistical  analysis.  Digital 
determination  of  tha  group  period  from  the  wave  records 
contained  accuracy  limitations  related  to  tha  digital  sampling 
rata,  and  anomalous  waves  within  groups  (both  In  period  and 
height)  were  shown  to  be  a  possible  source  of  deviation  of 
the  avorage  group  period  from  tha  spectral  peak  period. 

This  may  explain  why  Tq/Tr  values  In  this  study  tend  to  be 
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less  than  unity  and  why  tha  T^/Tp  distribution*  found  art 
not  In  close  agreement  with  the  results  of  manual  analytes 
of  wave  groups  from  previous  studies.  Indications  that 
groups  of  high  relative  energy  are  responsible  tor  the 
period  of  the  spectral  peak  were  shown,  and  it  was  also 
demonstrated  that  Individual  waves  of  large  amplitude  (and 
energy)  contained  in  these  high  energy  groups  appear  to  be 
the  factor  controlling  the  spectral  peak  porlod.  Also 
shown  Is  the  generation  of  a  pseudo-spectrum  from  a  simple 
statistical  analysis  of  Individual  wav*  heights  that  Is 
very  similar  In  most  respects  to  the  actual  energy  spectrum. 
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of  squares  of  individual  wave  heights  versus  frequency  for 
record  number  143. 
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